For the further introduction of wind power generation, it is necessary to solve the problems with output power fluctuation and early failure of wind turbine components. These problems are caused by the fluctuation of wind which is the energy source of wind power generation. In this paper, to solve these problems, the wind turbine controls that suppress the fluctuations of wind turbine power and the rotor thrust by using the inflow wind observed by LiDAR and ultrasonic anemometer are developed. The feedforward control for the pitch system is demonstrated with a 100 kW test wind turbine. For the feedforward control, the blade pitch angle is set to suppress the fluctuation of power or the rotor thrust according to the inflow wind velocity. The target pitch angle is determined by referring to the inflow wind velocity, wind turbine conditions, and the database constructed by using numerical analysis. The time series of the pitch angle command is fitted to the timing of inflow wind arrival to the rotor plane. A LiDAR installed downstream of the wind turbine rotor on the ground and an ultrasonic anemometer on a reference mast installed upstream of the rotor are used as observation devices for the inflow wind velocity. The suppression effect for the power or the rotor thrust fluctuation by feedforward control with pitch control was verified for either LiDAR or ultrasonic anemometer. Then, the demonstration results are compared with the LiDAR's control system and the ultrasonic anemometer's control system and evaluated. The feedforward controls assisted by LiDAR or ultrasonic anemometer are able to suppress the power and the rotor thrust exceeding the target value. Ultrasonic-anemometer-assisted feedforward control is able to suppress the fluctuation of power and load with high accuracy because the ultrasonic anemometer can accurately observe the inflow wind velocity.
Introduction
Wind power generation has problems of the power fluctuation (Tokuda, et al., 2015) and the failure of wind turbine components (Kato, et al., 2011) by the wind velocity fluctuations. The fluctuation of the inflow wind velocity causes the fluctuation of external force acting on wind turbine. In general, the wind turbine control maximizes the energy capture with variable speed operation below the rated wind velocity. Above the rated wind velocity, the wind turbine control keeps the rated power by pitch control or rotor speed control. Here, the pitch angle is the angle between the chord line and the plane of rotation. Pitch control can change the angle of attack of the wind turbine blade by changing the pitch angle. Therefore, the pitch control can change the aerodynamic load acting on the wind turbine blade. These controls are feedback controls referring to the power and the rotor speed. In such feedback controls, the controls have a time delay depending on the rotor inertia and the sensor response. For the large wind turbine, it will become more serious to control. With the existing feedback control, it is difficult to completely suppress the load fluctuation due to this time delay. Then, the inflow wind to the wind turbine rotor should be grasped beforehand and the wind turbine is controlled with respect to the inflow wind. By constructing such feedforward control, it is possible to eliminate the time delay in the feedback control, and it is considered that power or load fluctuation can be more effectively suppressed.technology using laser light attracts attention (Nojima, et al., 2015 , Steven, et al, 2011 . It is possible to observe the inflow wind velocity without affecting the inflow wind because the LiDAR can measure the wind velocity at a place away from the measurement device. It is also possible to observe the inflow wind by installing the ultrasonic anemometer, which is generally used as a nacelle anemometer, at the upstream position of the wind turbine in the same way as LiDAR. The ultrasonic anemometer can observe not only wind velocity but also wind direction. Therefore, it is possible to expect highly accurate prediction of inflow wind, because wind direction correction will be able to perform on the observed wind velocity.
The purpose of this study is to develop the wind turbine control that suppresses the fluctuation of the power or the rotor thrust by using inflow wind observed at upstream of the wind turbine rotor. In this paper, a feedforward control method is constructed, which is based on the inflow wind observed by either a LiDAR or an ultrasonic anemometer located at the upstream position of the wind turbine. The developed controls in this study are four kinds of controls as shown in Table 1 . The demonstration tests are performed with a test wind turbine at the Mie University farm. The test wind turbine is an upwind type horizontal axis wind turbine with a rotor diameter of 21.0 m, a hub height of 30.0 m, and a generator capacity of 100 kW. For the feedforward control, the blade pitch is controlled to suppress the fluctuation of the power or the rotor thrust according to the inflow wind velocity. The target pitch angle is determined by referring to inflow wind velocity, wind turbine conditions, and the database constructed by using numerical analysis. The time series of the pitch command is fitted to the timing of the inflow wind arrival to the rotor plane. A LiDAR installed on the ground downstream of the wind turbine and an ultrasonic-anemometer on the reference mast installed upstream of the wind turbine rotor are used as observation devices of the inflow wind velocity. The suppression effect of the fluctuation of the power or the rotor thrust by the feedforward pitch control is verified for either LiDAR or ultrasonic anemometer. Then, the demonstration results are discussed with two kinds of inflow observation devices.
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Experimental equipment and control method
This study was carried out with an open air rotor research facility in Mie University Farm. Figure 1 shows the outline of the experimental facility. The equipment used in this experiment are a test wind turbine, a LiDAR and an ultrasonic anemometer at the reference mast. The annual averaged wind velocity of this site is about 4 m/s. The higher wind velocity in the wind direction of NW (300 degrees) is observed during measurement period. Figure 2 shows the test wind turbine. The test wind turbine is three-bladed upwind type horizontal axis wind turbine (HAWT). It has a rated capacity of 100 kW with 21.0 m rotor diameter and a hub-height of 30.0 m. The electrical power system is a variable-speed with AC-DC-AC link. The test wind turbine is equipped with many measuring devices to obtain the various operating conditions. The pitch control of the blade is performed by a hydraulic cylinder. There is operating speed limit for the hydraulic cylinder. The pitch speed limits are 3 degrees/s for pitch angle increase, and 1 degree/s for pitch angle decrease. A torque detector is installed on the generator shaft and a potentiometer for measuring the stroke position is installed in the hydraulic cylinder for pitch control.
1 Experimental Facility

Test wind turbine
In order to measure wind conditions after passing through the rotor, an ultrasonic anemometer, a three-cup type anemometer and a wind vane are installed on the nacelle. In addition, strain gauges are installed at the bottom of the tower to measure the bending moment of the tower because it is difficult to install a device that directly measures the rotor thrust. This tower moment is converted into rotor thrust by using a relationship obtained in the calibration test. Figure 3 shows the reference mast. The reference mast is installed 20 m upstream of the wind turbine. The reference mast has three-ultrasonic anemometers which are installed at 20 m, 30 m (hub height), and 40 m high. In addition, the reference mast also has a three-cup type anemometer and a wind vane at 30 m high.
Reference mast
Inflow wind observation devices
In this study, a LiDAR and an ultrasonic anemometer at 30 m high on the reference mast are used as inflow wind observation devices. Figure 4 shows the LiDAR. The observation principle of LiDAR is that LiDAR emits laser beam and receives reflected light from atmospheric aerosol (dust, fine particles in the air), then measures aerosol movement speed as wind velocity. The LiDAR used in this study is LR-E1S9GA produced by Mitsubishi Electric Corporation. In this paper, the Fig. 1 The outline of the research facility inflow wind velocity is observed by the LiDAR using 5 beams out of 9. In IEC standard (IEC61400-1, 2005), it is recommended that the inflow wind observation for the wind turbine performance evaluation should be located from the wind turbine by 2.5 times of rotor diameter, so in this study the center of LiDAR measurement volume is set at 65.2 m upstream of the wind turbine (3.1 times the diameter of the wind turbine) for the LiDAR-assisted feedforward control. The velocity range of the LiDAR is -35 m / s to 35 m / s, and the velocity accuracy is 0.2 m / s or less. This LiDAR takes about 2.5 seconds for five observations (one cycle). The LiDAR is fixed on the ground, thus the wind direction for this test is limited from 285 degrees to 305 degrees to observe inflow wind. Figure 5 shows an ultrasonic anemometer. Ultrasonic anemometer is generally installed on the nacelle of wind turbine and mainly used for yaw control. A three dimensional ultrasonic anemometer used for ultrasonic-anemometer-assisted feedforward control is SAT-550 produced by Sonic Corporation. The sampling frequency is 50Hz.
LiDAR
Ultrasonic anemometer
Control method
In general, the wind turbine controller keeps the rated power by using both the pitch control and the generator torque control above rated wind speed and keeps optimum tip speed ratio below rated wind speed by the generator torque control. The rated power for this wind turbine is 100kW and the test is performed with 15kW output. The generator torque has a setting to keep optimum tip speed ratio, so the generator torque is almost proportional to the square of rotor speed. In this study, the pitch controller can receive the pitch angle command, so these control tests are performed with only the pitch control. The power and the thrust depend on wind speed, rotor speed, and pitch angle. These relations are created as a database in advance using numerical analysis for the test wind turbine.
In this study, two types of control for the power and the thrust were constructed. The control flow is shown in Fig.  6 . When the inflow wind is detected, the controller calculates arrival time and sets the time series of pitch angle command. For the time series of pitch command, the current rotor speed and accretion are included for pitch angle calculation. 
Rotor speed Pitch angle
LiDAR-assisted feedforward control
In this control, the main controller can get the LiDAR observed inflow velocity in real time via the LAN. The sampling frequency of the LiDAR for single beam is 2 Hz. Therefore, the inflow wind measurement for five beams (one cycle) takes 2.5 seconds. The averaged value of the latest five observed velocities is used for control. The time delay Δt is the time between the observation time and the arrival time to the rotor plane. The pitch angle command in time series is given in consideration of this time delay. The calculation of time delay is shown in Eq.(1).
Here, L LiDAR = 63 [m] is the distance between the center of LiDAR measurement volume and the center of wind turbine, and V Ave is the inflow wind velocity by the LiDAR observation with five beam averaged value. For the calculation of pitch command issue time, it is assumed that there's no change in the inflow wind velocity until the rotor plane. When the wind velocity increases, new pitch command at current wind velocity is overwritten in the pitch angle command time series and the previous pitch command at low wind velocity is ignored.
The rotor speed has big impact both of the power and the thrust of the wind turbine. Therefore, before the power or the rotor thrust prediction, the rotor speed after t seconds is predicted from the current wind turbine operation and the observed inflow wind velocity. Then, the predicted rotor speed after t is used for calculating the pitch angle command. The prediction of the rotor speed is done in the following procedure. The operating condition of wind turbine (pitch angle, rotor speed, generator torque Q G ) are acquired at the observation timing for the inflow wind velocity. The rotor speed at estimated arrival time after t seconds N 2 is calculated from the current speed N 1 with the angular acceleration of rotor. The angular acceleration is calculated by rotor torque Q R , generator torque Q G and rotational inertia I around rotor axis. The current rotor torque Q R is estimated by using operational database. The generator torque Q G is calculated by current speed N 1 and current power P G from Eq.(2). I is the wind turbine inertia moment converted to the rotor axis. The estimated wind turbine rotor speed at the arrival time N 2 is predicted from Eq.(3).
When the target power or target rotor thrust is set, the pitch command series are set by using above routine. The repetition interval of the LiDAR-assisted wind turbine control is 0.5 seconds.
Ultrasonic-anemometer-assisted feedforward control
The inflow wind velocity is measured by a three-dimensional ultrasonic anemometer installed at 30 m high of wind observation mast. The inflow wind velocity used for the control is averaged every 0.2 seconds. Here, the inflow wind velocity is the horizontal component. In addition, the ultrasonic anemometer can measure the wind direction. The axial component of the wind is effective in the wind turbine power or the thrust. Therefore, the correction on referred wind velocity is performed using Eq.(4).
Here, V UAave is the horizontal component of the averaged inflow wind velocity, and  is the angle between the wind direction and the rotor axis. V UAaveWD, the axial velocity of the wind is used as the reference inflow wind velocity for ultrasonic-anemometer-assisted control. Same as the LiDAR-assisted control, the timing of the pitch angle command is set considering the arrival time. The time delay of the pitch angle command issue is obtained by Eq.(5).
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The pitch command is set with the same procedure as the LiDAR-assisted feedforward control. The repetition interval of ultrasonic-anemometer-assisted wind turbine control is 0.2 seconds.
Experimental results and discussion
In this study, either LiDAR-assisted or ultrasonic-anemometer-assisted feedforward controls for suppression of the power or the rotor thrust fluctuations are constructed. Then, these controls are mounted on the test wind turbine and a demonstration test is conducted. Evaluation of demonstration test data was carried out using instantaneous values by time series data of 120 seconds. Time-series data of 120 seconds is used so that the behavior of control can be clearly understood and the extraction condition as shown Table. 2 is satisfied. The time expression for inflow observation is based on the arrival time to the rotor surface.
Feedforward controls for power fluctuation
The demonstration test of feedforward controls assisted either by the LiDAR and the ultrasonic anemometer for the power suppression was conducted. In this section, the test results are evaluated for the suppression of power fluctuation. The target power in each control was set at 15 kW for safety and wind condition of the site, and these controls aim to suppress power fluctuation by suppressing power exceeding the target value. Fig.7(f) shows the energy density calculated by using the axial component of the inflow wind. The red line in Fig.7(g ) shows the energy density from the measured power.
LiDAR-assisted feedforward control for power fluctuation
The inflow wind velocity observed by the LiDAR in Fig. 7 (a) shows roughly agreement with that of the ultrasonic anemometer. This means it is possible for the LiDAR to observe the inflow wind several seconds ahead. Here, the inflow wind velocity observed by the LiDAR changes more slowly than that observed by the ultrasonic anemometer. It is caused by the averaging time. It is 2.5 seconds for the LiDAR and 0.5 seconds for the ultrasonic-anemometer. Therefore, the LiDAR can observe the gentle fluctuation of wind velocity compared with the ultrasonic-anemometer.
The pitch angle command changes from 7.5 degree to 17 degrees. When the pitch angle is 7.5 degree, the wind turbine is operated in the maximum C p . When the inflow wind speed increases and the predicted power excess 15kW, the feedforward control increases the pitch angle. The pitch angle is set according to the database. In this test period, the proposal control runs to suppress the excessive power. The measured pitch angle in Fig. 7 (b) follows the pitch angle command. Thus, LiDAR-assisted feedforward control could send the pitch angle command as designed. On the other hand, the measured pitch angle become larger than the estimated one at t=13 and 48<t<52 by the wind turbine safety system. The estimated rotor speed in Fig. 7 (c) shows similar fluctuation to the measured one in the amplitude and the frequency. However, there is a phase delay by the accuracy in arrival time estimation.
The estimated power in Fig. 7 (d) is almost constant of 15 kW at 16<t<93. The inflow wind velocity at 16<t<93 is large enough to achieve 15kW power. The measured power is maintained around the target power of 15 kW except at t = 16 [s] and t = 42 [s] . The inflow velocity measured by the LiDAR is smaller than the ultrasonic one when over power occurs. These over power are caused by inaccuracy of inflow velocity measurements.
The difference rate of the rotor speed in Fig. 7 (e) was calculated using Eq.(6), and the difference rate of the wind velocity in Fig. 7 (e) was calculated using Eq.(7). Both of these difference rates become almost zero at t = 70 [s], so the wind velocity observed by the LiDAR coincided with the one observed by an ultrasonic anemometer. It means that the observation accuracy is good and the observation values are close to true values, and the rotor speed prediction was performed accurately. Therefore, the possibility of the LiDAR-assisted feedforward control for power fluctuation is shown. On the other hand, the difference rate of the rotor speed becomes large at t = 16 [s] and t = 42 [s] . At the same time, the difference rate of wind velocity also becomes large. Therefore, the power excesses the target power.
The energy density from the ultrasonic anemometer observed velocity in Fig. 7 (f) was calculated using Eq. (8), and the energy density from the LiDAR observed velocity in Fig. 7 (f) was calculated using Eq.(9). For the energy density calculation, the air density  = 1.225 [kg/m 3 ] and the wind turbine efficiency C p = 0.30 were assumed. From Fig. 7 (f) , the two energy densities show agreement roughly. That is, the LiDAR can capture the approximate amount of energy. Fig. 7 (d) . On the other hand, the energy density fluctuation in Fig. 7 (g ) is suppressed about 70% by this control at the same time. Thus, the LiDAR-assisted feedforward control can have the suppression effect of power fluctuation.
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The estimated rotor speed agrees with measured one in Fig. 8 (c) . That is, the rotor speed can be estimated by observing the inflow wind velocity.
The measured power in Fig The ultrasonic anemometer can observe three velocity components and can detect the axial wind velocity. So, it gives accurate power prediction. In addition, the ultrasonic anemometer has sufficiently response with rapid fluctuations in wind velocity. As a result, the rotor speed estimation and the pitch angle command issue time have high accuracy. Therefore, this control can keep the target power. However, in order to install this control on a commercial wind turbine, it notes that a mast is necessary for installing an ultrasonic anemometer.
Feedforward controls for load fluctuation
The demonstration test of either LiDAR-assisted feedforward control or ultrasonic-anemometer-assisted feedforward control for rotor thrust was conducted. In this section, demonstration test results are evaluated. The target rotor thrust for the LiDAR-assisted control was 2.5 kN, the target rotor thrust for the ultrasonic-anemometer-assisted control was 5 kN, and these controls aim to suppress the rotor thrust fluctuation.
LiDAR-assisted feedforward control for rotor thrust
This control aims to suppress the rotor thrust by changing the pitch angle when it is expected to exceed 2.5 kN. The measured wind velocity in Fig. 9 (a) shows a large difference at 0<t<6 and 57<t<62 when the velocity changes rapidly. The sampling rate of the LiDAR observed inflow velocity is small compare with that of ultrasonic anemometer. The LiDAR observed inflow velocity couldn't capture such a rapid change.
The measured pitch angle in Fig. 9 (b) follows the pitch angle command, however, some pitch angle command is ignored for safety operation at 60<t<113.
The measured rotor speed in Fig. 9 (c) shows a large difference from the estimated rotor speed at 0<t<10 and 50<t<70 except at t = 60 [s] . This rotor speed difference is caused by a moving average of 2.5 seconds for the LiDAR velocity. Sudden change in wind velocity causes the sudden change in rotor speed especially when it increases. Therefore, the accuracy of this control has declined. Morimoto, Kamada and Maeda, Journal of Fluid Science and Technology, Vol.13, No.3 (2018) The estimated thrust in Fig. 9 (d) is almost constant of 2.5 kN at 4<t<20 and 50<t<120. The inflow wind velocity at 4<t<20 and 50<t<120 is high enough to excess the thrust of 2.5kN. The measured thrust is suppressed around the target thrust of 2.5 kN except for 5<t<22, 45<t<62 and 97<t<118. In particular, this control has greatly contributed to suppression of the measured thrust at 69<t<80. The suppression effect of thrust fluctuation was seen in this control. The nacelle velocity in Fig. 10 (a) shows large difference from the ultrasonic anemometer velocity at 23<t< 39 and 49<t<58 except for t = 51 [s] . Two reasons are considered for this phenomenon. Firstly, as mentioned in Sec. 4.1.2, the wind velocity detected by the nacelle anemometer is measured after passing through the rotor when a part of the energy of the inflow wind is absorbed. Secondly, the wind speed reduction by rotor depends on the operating condition. When the pitch angle is large, the rotor thrust will decrease and the wind speed reduction is small. For these reasons, there is large difference between the nacelle velocity and the ultrasonic anemometer velocity.
Ultrasonic-anemometer-assisted feedforward control for rotor thrust
The measured pitch angle in Fig. 10 (b) is larger than the pitch angle command because the safety system is activated due to the high wind velocity at 41<t< 60 and 83<t<91 in Fig. 10 (a) .
The measured and estimated rotor speeds in Fig. 10 (c) show good agreement. That is, the rotor speed can be predicted by observing the inflow wind velocity.
The measured thrust in Fig. 10 (d) is suppressed under 5 kN by the ultrasonic-anemometer-assisted feedforward control. In particular, this control has greatly contributed to suppress the thrust at 26<t<35 and 41<t<43.The inflow wind velocity and the rotor speed at 26<t<35, 41<t<47 and 80<t<92 is large enough to excess 5kN rotor thrust.
Comparing Figs. 10 (c) and 10 (d), it seems that the rotor thrust corresponds to the rotor speed. For this reason, as the rotor speed increases, the axial component of the wind turbine of the lift occurred in the wind turbine blade increases, and the rotor thrust increases accordingly. 
Comparison of feedforward controls assisted by LiDAR and ultrasonic anemometer
This section compares the performance of the LiDAR-assisted feedforward control with ultrasonic-anemometer-assisted one.
In both controls, the LiDAR and the ultrasonic anemometer can capture the inflow wind of the wind turbine a few seconds ahead. It notes that the LiDAR can observe one velocity component in the beam axis, so the LiDAR set on the ground shows the smaller wind velocity for the wind turbine power estimation in the yawed inflow case. Also, the LiDAR has low sampling frequency (in this study, sampling frequency of LiDAR is 2 Hz). Therefore, the response of LiDAR-assisted feedforward control for the wind velocity change was lowered. On the other hand, the ultrasonic anemometer can observe three velocity components and detect the axial velocity component for the wind turbine rotor. As a result, it is possible to observe the inflow wind accurately, and the ultrasonic anemometer feedforward control is capable of highly precision control. This may mean that the LiDAR with higher sampling frequency will be expected to do the high performance with LiDAR-assisted feedforward control like ultrasonic-anemometer-assisted control.
The accuracy of the LiDAR-assisted feedforward control is lower than that of the ultrasonic anemometer one in this demonstration study with a 21 m-diameter rotor wind turbine. The LiDAR-assisted feedforward control may have potential to suppress the power and the thrust fluctuation. The rotor diameter for the future wind turbine will become huge. The large scale rotor has slow response to the rapid wind velocity change, so the slow response of the LiDAR-assisted feedforward control will become less impact. The LiDAR-assisted feedforward control for large scale rotor will be expected to have the same performance as the ultrasonic-anemometer-assisted feedforward control in this study.
Conclusions
The purpose of this study is to construct wind turbine control with no time delay by observing the inflow wind suppresses the fluctuation of the wind turbine power or the load due to the inflow fluctuation. In this study, the controls 
